This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. Abstract Background/Aims: Pterostilbene (PTE), a natural dimethylated resveratrol analog from blueberries, is known to have diverse pharmacological activities, including anticancer properties. In this study, we investigated the anticancer activity of PTE against human esophageal cancer cells both in vitro and in vivo and explored the role of endoplasmic reticulum (ER) stress (ERS) signaling in this process. Methods: Cell viability, the apoptotic index, Caspase 3 activity, adhesion, migration, reactive oxygen species (ROS) levels, and glutathione (GSH) levels were detected to explore the effect of PTE on human EC109 esophageal cancer cells. Furthermore, siRNA transfection and a chemical inhibitor were employed to confirm the role of ERS. Results: PTE treatment dose-and time-dependently decreased the viability of human esophageal cancer EC109 cells. PTE also decreased tumor cell adhesion, migration and intracellular GSH levels while increasing the apoptotic index, Caspase 3 activity and ROS levels, which suggest the strong anticancer activity of PTE. Furthermore, PTE treatment increased the expression of ERS-related molecules (GRP78, ATF6, p-PERK, p-eIF2α and CHOP), upregulated the proapoptosis-related protein PUMA and downregulated the anti-apoptosis-related protein Bcl-2 while promoting the translocation of cytochrome c from mitochondria to cytosol and the activation of Caspase 9 and Caspase 12. The downregulation of ERS signaling by CHOP siRNA desensitized esophageal cancer cells to PTE treatment, whereas upregulation of ERS signaling by thapsigargin (THA) had the opposite effect. N-Acetylcysteine (NAC), a ROS scavenger, 
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were placed in a 96-well plate and allowed to adhere for 30 min at 37℃. The cells were gently washed 3 times with PBS, and the adherent cells were stained with MTT and observed under an inverted phase-contrast microscope. Images were taken using a BX61 camera (Olympus Company, Osaka, Japan). Finally, 100 μl of DMSO was added to each well, and the samples were incubated for 15 min at 37℃ with shaking. The absorbance at 490 nm was measured using a SpectraMax 190 spectrophotometer (Molecular Devices, Sunnyvale, CA, USA), and the OD value of the control group was set as 100%.
A cell culture wound-healing assay was performed to analyze cell migration. Cells were grown to confluence, and a linear wound was created in the confluent monolayer using a 200-μl micropipette tip. The cells were then washed with PBS to eliminate detached cells. After treatment with PTE (5, 10 or 15 μM) for 24 h, the movement of the wound edge was monitored under a microscope. The results are expressed as the distance between the cells on either side of the scratch.
Cell invasion assays were performed with using Corning Transwell Boyden chambers. Briefly, a total of 5 × 10 4 cells per well was seeded into the upper chamber with an insert pre-coated with 50 μl matrigel and supplemented with PTE (50, 100 or 150 μM). The chambers were then inserted into a 24-well culture plate, and the wells were filled with DMEM containing 10% fetal bovine serum. After culturing at 37°C for 24 h, the cells remaining on the upper surface of the membranes were scraped off, and the cells on the lower surface were fixed, stained with 0.1% crystal violet, imaged, and counted under an inverted/phase-contrast microscope. Images were taken using a BX61 camera (Olympus Company, Osaka, Japan).
Analyses of intracellular ROS generation and GSH levels
The measurement of intracellular ROS was based on the ROS-mediated conversion of non-fluorescent 2', 7'-DCFH-DA into fluorescent DCFH. After treatment, cells were trypsinized and subsequently incubated with DCFH-DA (20 μM) in PBS at 37℃ for 2 h. After incubation, the DCFH fluorescence of the cells in each well was measured using an FLX 800 microplate fluorescence reader, with 530 nm as the emission wavelength and 485 nm as the excitation wavelength (Biotech Instruments Inc., USA). A cell-free condition was used to determine the background, and the fluorescence intensity in the control group was defined as 100%. The generation of intracellular reduced GSH, which is an index of the cellular reducing power, was measured using the appropriate kits according to the manufacturer's recommended instructions. The GSH level in the control group was set as 100%. 
Cellular Physiology and Biochemistry
Analysis of Caspase 3 activity Caspase 3 activity was measured using a colorimetric assay kit according to the manufacturer's recommended instructions. Cells were washed in ice-cold PBS; proteins were then extracted and stored at -80℃. The cell lysates (20 μl) were added to a buffer containing a p-nitroaniline (pNA)-conjugated substrate for Caspase 3 (Ac-DEVD-pNA) to yield a 100-μl reaction volume. The reactions were performed at 37℃. The released pNA concentrations were calculated based on the absorbance values at 405 nm and the calibration curve of the defined pNA solutions. The Caspase 3 activity in the control group was set as 100%.
Isolation of mitochondrial and cytosolic fractions
Mitochondria were isolated according to a previous procedure, with slight modification [22] . Esophageal cancer cells were homogenized in ice-cold isolation buffer (0.25 mM sucrose, 1 mM K-EDTA, 10 mM Tris-HCl, pH 7.4) using a Teflon pestle. The homogenate was immediately centrifuged for 5 min at 2000×g, 4℃; the supernatant was centrifuged again for 3 min at 2000×g, and the second supernatant was decanted and centrifuged for 10 min at 12,000×g. The supernatant was discarded, and the pellet was re-suspended in isolation buffer without K-EDTA. The suspension was centrifuged for 10 min at 12,000×g. The resulting brown mitochondrial pellet was re-suspended in the same buffer, and the supernatant was considered the cytosolic fraction. The cytosolic and mitochondrial fractions were stored at -80℃ until use.
Intracellular calcium measurement
Intracellular free calcium in EC109 cells was determined using flow cytometric analysis according to the manufacturer's protocol [23] . Briefly, EC109 cells were grown for 24 hours in medium with different concentrations of PTE. The cells were collected, washed in PBS, and incubated for 30 min with 1 μM calcium green-1-AM. Flow cytometric analysis of the stained cells was performed using a flow cytometer (BD FACSCanto™ II; BD Biosciences).
Small interfering RNA transfection
For siRNA transfections, EC109 cells were plated into 6, 24 or 96-well plates and allowed to grow to subconfluency. The cells were transiently transfected for 24 h with negative control or CHOP siRNA at 50 pM using the Lipofectamine RNAiMAX reagent (Invitrogen, Carlsbad, CA, USA) in OPTI-MEM medium (Gibco, Carlsbad, CA, USA). The cells were subsequently prepared for use in further experiments. ; the tumor volumes (V) were calculated using the following formula: V = A × B 2 /2 (A = largest diameter; B = smallest diameter). The mice were randomly divided into 3 groups (n = 6 per group): control (0.05% DMSO) and PTE at either 100 or 200 mg/kg body weight. PTE was diluted with saline+DMSO and administered intraperitoneally (5 days/week). The tumor sizes were measured every 3 days using calipers (days 2, 5, 8, 11, 14, 17 and 20) , and on day 20, the tumors were excised from euthanized mice for Western blot analysis.
Anticancer activity in a xenograft model

Western blotting
Cell or tumor samples were lysed in sample buffer (150 mM Tris pH 6.8, 8 M urea, 50 mM DTT, 2% sodium dodecyl sulfate, 15% sucrose, 2 mM EDTA, 0.01% bromophenol blue, 1% protease and phosphatase inhibitor cocktails), sonicated, boiled, separated using an 8-12% Bis/Tris gel with 5× MES buffer (Invitrogen) and transferred to an Immobilon NC membrane (Millipore). The membranes were blocked with 5% nonfat -20) and then probed with antibodies against GRP78, ATF6, CHOP, Sp-1, or cytochrome c (1:500) or against p-PERK, p-eIF2α, Bcl-2, PUMA, Caspase 9, Caspase 12, or β-actin (1:1000) overnight at 4℃. The membranes were placed in blocking buffer, washed with TBST, probed with secondary antibodies (1:5000) in blocking buffer at room temperature for 90 min and washed. Fluorescence was detected using a BioRad imaging system (BioRad, USA), and the signals were quantified using Image Lab Software (BioRad, USA).
Statistical analyses
All of the values are presented as the mean ± standard deviation (SD). Group comparisons were performed using ANOVA (SPSS 13.0). All of the groups were analyzed simultaneously using an LSD t test. A difference of P < 0.05 was considered to be statistically significant.
Results
Effects of PTE treatment on the viability and apoptosis of human esophageal cancer cells
To investigate whether PTE has an anti-tumor role in esophageal cancer, the CCK-8 assay was used to evaluate cytotoxic effects on EC109 and TE1 cells; the data are presented in Fig The apoptotic index of PTE-treated esophageal cancer cells was also measured. After treatment with 50, 100 and 150 µM PTE for 24 h, the apoptotic index ( 20.81 ± 4.07%, 32.04 ± 4.69% and 44.59 ± 4.27%, respectively (P<0.01, compared with the control group), demonstrating that apoptosis induction was dose dependent. These results indicate that PTE induced apoptosis in EC109 cells.
Effects of PTE treatment on the migration, adhesion, and invasion of human esophageal cancer cells
Cell migration and adhesion were further evaluated in PTE-treated EC109 cells. After incubation with PTE (5, 10 or 15 µM) for 24 h, the cell adhesion ratio decreased significantly to 82.24 ± 5.79%, 62.18 ± 4.38% and 38.20 ± 4.33%, respectively (P < 0.01, compared with the control group, Fig. 4A ), the distance between scratches increased significantly to 122.73 ± 7.30%, 136.61 ± 7.12% and 169.45 ± 10.04%, respectively (P < 0.01, compared with the control group, Fig. 4B ), and the invasion capability was markedly suppressed to 73.61 ± 8.14%, 58.19 ± 7.26% and 39.17 ± 6.39%, respectively (P < 0.01, compared with the control images were obtained. Significant cell shrinkage and a decreased cellular attachment rate were observed in the PTE-treated group. The results are expressed as the means ± SD, n = 6. ** P < 0.01, compared with the control group, ## P < 0.01, compared with the 50 μM PTE-treated group, $$ P < 0.01, compared with the 100 μM PTE-treated group. OD, optical density. Fig. 3 . Effects of PTE treatment on viability, ERS signaling, and apoptosis-associated proteins in human TE1 esophageal cancer cells. (A) TE1 cells were treated with PTE at different concentrations (50, 100, and 150 µM) and then assessed at different time points (12, 24 and 36 
h). Viability is expressed as OD values. (B)
TE1 cell morphology was observed under an inverted phase-contrast microscope (after the cells had been treated for 24 h), and images were obtained. Significant cell shrinkage and a decreased cellular attachment rate were observed in the PTE-treated group. (C) Representative Western blot results for GRP78, CHOP, Bcl-2, and PUMA after PTE treatment for 24 h are shown. The results are expressed as the means ± SD, n = 6. ** P < 0.01, compared with the control group, ## P < 0.01, compared with the 50 μM PTE-treated group, 
Effects of PTE treatment on ROS generation, Caspase 3 activity, GSH levels, and intracellular calcium levels in human esophageal cancer cells
To determine whether PTE causes intracellular oxidation, we used the specific oxidationsensitive fluorescent dye DCFH-DA, which exhibits enhanced fluorescence intensity following the generation of reactive metabolites. Treatment with PTE (50, 100 or 150 µM) for 24 h resulted in a dose-dependent increase in ROS generation in EC109 cells (Fig. 5A) , with increases of 205.45 ± 12.18%, 317.80 ± 16.39% and 547.71 ± 25.63%, respectively (P < 0.01, compared with the control group). Caspase 3 activity (Fig. 5B ) also increased significantly to 364.95 ± 15.23%, 434.61 ± 22.84% and 467.29 ± 25.37%, respectively, after treatment with 50, 100 and 150 µM PTE (P < 0.01, compared with the control group). Reduced GSH is the major non-protein thiol in cells and is essential for maintaining the cellular redox status, and we observed a dose-dependent decrease (76.49 ± 4.25%, 64.32 ± 4.08% and 39.14 ± 3.61%, respectively) in intracellular GSH levels after treatment with 50, 100 or 150 µM PTE for 24 h, (P < 0.01, compared with the control group, Fig. 5C ). Moreover, the intracellular free calcium 
level was analyzed by calcium green-1-AM staining, showing a dose-dependent increase (121.64 ± 6.67%, 163.51 ± 7.84% and 186.75 ± 9.24%, respectively) after treatment with different concentrations of PTE (50, 100 or 150 µM) (P < 0.01, compared with the control group, Fig. 5D ). These results support the notion that PTE treatment affected the cellular redox status and calcium distribution.
Effects of PTE on ERS signaling, apoptosis-associated proteins, and Sp-1 in human esophageal cancer cells
To explore the role of ERS signaling in the anticancer activity of PTE, ERS-related molecules were detected by Western blot analysis. As shown in Fig. 6 , PTE treatment induced a dose-dependent upregulation of GRP78, ATF6, p-PERK, p-eIF2α and CHOP protein levels in EC109 cells (P < 0.01, compared with the control group). Furthermore, we found that PTE treatment decreased the expression of Bcl-2 and increased the expression of PUMA while promoting the translocation of cytochrome c from mitochondria to cytosol and the activation of Caspase 9 and Caspase 12 (P < 0.01, compared with the control group). Similar trends of GRP78, CHOP, Bcl-2, and PUMA expression were found in TE1 cells after PTE treatment, as shown in Fig. 3C . Sp-1 is a sequence-specific DNA-binding protein involved in the transcription of many important regulatory genes related to cancer development [24, 25] . After treating with different concentrations of PTE (50, 100, and 150 µM) for 24 h, Sp-1 protein expression was decreased significantly (P<0.01, compared with the control group), as shown in Fig. 6 . 
Cellular Physiology and Biochemistry
Effects of PTE combined with CHOP siRNA on cell viability, ROS induction, Caspase 3 activity and CHOP expression in human esophageal cancer cells
A significant decrease in CHOP expression was observed when EC109 cells were first incubated with CHOP siRNA for 24 h and then subjected to PTE (100 μM) treatment for another 24 h (P < 0.01, compared with the control siRNA group, Fig. 7D ). The combination of CHOP siRNA+PTE significantly increased cell viability (Fig. 7A ), reduced ROS (Fig. 7B ) and decreased Caspase 3 activity (Fig. 7C) (P < 0.01, compared with the control siRNA+PTE group), whereas CHOP siRNA alone had no effect on cell viability, ROS induction or Caspase 3 activity compared with the control siRNA group (P > 0.05). Additionally, PUMA was downregulated and Bcl-2 upregulated in the CHOP siRNA+PTE group (P < 0.01, compared with the control siRNA+PTE group, Fig. 7D ). The translocation of cytochrome c from mitochondria to cytosol was also reduced compared with the control siRNA+PTE group (P < 0.01, Fig. 7D ).
Effects of PTE combined with THA on cell viability, ROS induction, Caspase 3 activity and CHOP expression in human esophageal cancer cells
THA, which causes calcium leakage from the ER into the cytosol, is a classical ERS inducer [26] . We further combined PTE (100 μM) with THA and determined the cytotoxic efficiency in EC109 cells after 24 h. Based on our preliminary study, a relatively low concentration of THA (1 μM) was chosen, such that potential enhancing effects would be more prominent. The OD value in the control group was 1.305 ± 0.034; PTE treatment alone decreased the OD value to 0.816 ± 0.029, and THA treatment alone slightly decreased the OD value to 1.029 ± 0.035 (Fig. 8A) . However, when PTE was combined with THA, the OD value decreased significantly to 0.507 ± 0.026. The combination index (CI) was calculated according to a through ROS production, we treated cells with NAC (10 mM; 20 mM NAC stock solution prepared in DMEM) for 1 h followed by PTE (100 μM) for an additional 24 h and then evaluated the cells for viability, ROS induction, and Caspase 3 activity; the concentration of NAC was selected according to a previous study [29] . As shown in Fig. 9A , the OD value in the control group was 1.11 ± 0.073, and PTE treatment alone decreased the OD value to 0.75 ± 0.056. However, when we pre-treated the cells with NAC, the OD value increased significantly to 0.823 ± 0.065 (P < 0.01, compared with the PTE groups), and the increases in ROS (Fig. 9B) , Caspase 3 activation (Fig. 9C) , and Sp-1 downregulation were significantly reversed (Fig. 9D) (P < 0.01, compared with the PTE groups).
Effects of PTE on tumor xenograft growth and ERS signaling in vivo
In vivo tumor xenograft experiments were carried out to verify our in vitro results. To determine whether PTE can inhibit tumor growth in animals, we established EC109 xenografts in athymic nude mice, with all treatment groups developing subcutaneous tumors. As shown in Fig. 10A , PTE treatment (100 or 200 mg/kg) significantly inhibited tumor growth (P < 0.01, compared with the control group). Additionally, Western blot analysis showed that PTE treatment induced a dose-dependent upregulation of GRP78, CHOP and PUMA and downregulation of Bcl-2 (P<0.01, compared with the control group, Fig. 10B ). 
Discussion
As a natural dimethylated analog of resveratrol, PTE has been shown to suppress the proliferation of different cancer cells. Various molecules and signaling pathways are involved in the anti-tumor effects of PTE. For instance, PTE induces the accumulation of autophagic vacuoles followed by cell death in HL60 human leukemia cells [6] , and the activation of AMPK by PTE suppresses lipogenesis and cell-cycle progression in human prostate cancer cells [8] . However, the effects of PTE on human esophageal cancer have not yet been elucidated. In the present study, we found that PTE treatment dose-and time-dependently inhibited the viability of and induced apoptosis in EC109 esophageal cancer cells. PTE also significantly blocked EC109 cell adhesion and migration, which are major events determining tumor metastatic potential, and significantly inhibited tumor growth in EC109 xenografts.
Under ERS, the fate of cells depends on the balance between cell adaptive and cell death responses. ERS protects against tumor development by activating adaptive stress responses and attenuating apoptotic pathways, and forced activation of ERS can lead to the reactivation of ERS-dependent apoptotic pathways to retard tumor development, growth and invasion Cellular Physiology and Biochemistry [30] . It is worth noting that ERS is involved in the anticancer activity of resveratrol and that PTE is a dimethylated analog of resveratrol [5] . For example, Chow and colleagues showed that ER expansion and ER-Caspase 12 upregulation were important for the profound biological effects of resveratrol, which contributed to the death of human nasopharyngeal carcinoma cells [18] . Thus, targeting different ERS statuses may provide a strategy for cancer treatment [18] . Wang and colleagues found that resveratrol triggers the pro-apoptotic ERS response and represses pro-survival X-box binding protein 1 (XBP1) signaling in human multiple myeloma cells [21] . We further explored the role of ERS in the anticancer effect of PTE against human esophageal cancer cells, and our results indicate that PTE upregulated GRP78, ATF6, p-PERK, p-eIF2α and CHOP expression in EC109 cells and increased the intracellular calcium level. PTE also significantly induced GRP78 and CHOP expression in EC109 xenografts, and knockdown of the ERS response protein CHOP by siRNA in vitro significantly reduced PTEinduced cell death. Moreover, the anticancer effect of PTE was synergistically enhanced in combination with THA, which further aggravated ERS. These data suggest that PTE exerts anticancer effects against esophageal cancer cells partially through the activation of ERS. The Bcl-2 family plays a crucial role in the apoptotic process of various cancers [17] . PUMA and Bcl-2 are two important members of the Bcl-2 family: the latter is an antiapoptotic protein [2] ; the former is normally expressed at a low level, but its expression is markedly induced after exposure to DNA-damaging agents, such as chemotherapeutic drugs and ionizing radiation [31] . Previous studies have indicated that ERS activation influences these two molecules to ultimately regulate cell apoptosis [20] . Our results indicate that PTE downregulated Bcl-2 expression and upregulated PUMA expression in EC109 cells.
Further analyses confirmed that inhibition of ERS with CHOP siRNA reversed the effects of PTE on Bcl-2 and PUMA expression, whereas activation of ERS by THA enhanced these PTE effects. These results indicate that PTE induces apoptosis by regulating the Bcl-2 family, confirming that the activation of ERS can affect these two Bcl-2 family molecules to regulate cell apoptosis [20] . Specificity protein 1 (Sp-1) is a sequence-specific DNA-binding protein involved in numerous pathological processes, such as inflammation, cancer-cell adhesion, tumor invasion, metastasis, and angiogenesis [24, 25, 32, 33] . Papineni et al. reported tolfenamic acid (TA)-dependent downregulation of Sp transcription factors and c-Met as a novel chemotherapeutic approach for treatment of esophageal cancer [34] . Moreover, some studies have demonstrated that Sp-1 inhibition is coupled with ROS induction. For example, in rhabdomyosarcoma, the inhibition of cell growth, survival and invasion and repression of Sp transcription factors by the HDAC inhibitors depend on ROS [35] . Similarly, celastrolinduced growth inhibition and repression of Sp1, Sp3 and Sp4 in bladder cancer cells can be blocked by ROS inhibitors [36] . Importantly, resveratrol inhibits u-PA expression and HCC cell metastasis through the downregulation of Sp-1 [37] . Accordingly, as a natural dimethylated analog of resveratrol, PTE may regulate Sp-1 protein and ROS to exert anti-cancer effects against EC109 cells. Based on our results, NAC (a ROS scavenger) pre-treatment reversed the downregulation of Sp-1 protein expression induced by PTE and attenuated the anticancer effects of PTE against esophageal cancer cells, indicating ROS-dependent suppression of Sp-1 as the possible mechanism by which PTE might prevent and treat esophageal cancer.
As multi-faceted signaling molecules involved in various cellular functions, ROS have key roles in the determination of cell fate: death or survival [5] . ROS have recently been identified as potential targets for novel anti-cancer drugs [38] , and numerous investigations suggest that ERS could be either a cause or a result of increased ROS generation [38, 39] . Thus, the roles of ROS generation and ERS in cell death have attracted much attention. In the present study, the pro-apoptotic effects of PTE in EC109 cells were found to be associated with rapid increases in intracellular ROS. Furthermore, inhibition of ERS by CHOP siRNA attenuated PTEinduced ROS production, whereas activation of ERS with THA enhanced PTE-induced ROS production. GSH is a major non-protein cellular antioxidant that can eliminate intracellular ROS [40] ; the degree of ROS exposure and perturbations in the GSH redox balance are critical for determining whether cells undergo pro-survival or pro-death responses [5] . Our study also showed that PTE-induced ROS generation is associated with significant depletion in the intracellular GSH pool. The mitochondrial apoptotic pathway is generally thought to involve the translocation of cytochrome c from mitochondria to cytosol [41] , and the release of cytochrome c activates Caspase 9 in the presence of deoxyadenosine triphosphate (dATP), resulting in apoptosis [41, 42] . Furthermore, the ERS-mediated apoptotic pathway is initiated by the activation of Caspase 12, which can directly activate pro-Caspase 9 independently of mitochondrial cytochrome c [43] . In addition to Caspase 12 activation, ERS also triggers the activation of Caspase 8, which can promote the release of mitochondrial cytochrome c [44] . In particular, increased ROS originating from mitochondria plays important roles in mitochondrial-induced apoptosis, whereby potential collapse of the mitochondrial outer membrane contributes to the release of the pro-apoptotic factor cytochrome c from the inter-membrane space to the cytosol and activates caspases involved in the mitochondrial apoptotic pathway [16, 45, 46] . Conversely, inhibition of ROS desensitizes cancer cells to anti-cancer treatments [28, 29] . In our study, PTE treatment of EC109 cells significantly increased cytochrome c translocation from mitochondria to cytosol and activated Caspase 9 and Caspase 12, further promoting ROS generation. This translocation of cytochrome c induced by PTE was attenuated by CHOP siRNA-mediated inhibition of ERS but enhanced by activation of ERS by THA. In addition, NAC (a ROS scavenger) blocked the induction of both ROS and Caspase 3 activity as well as the reduction in cell viability caused by PTE, 
